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Graphene-the two dimensional allotrope of carbon, since its discovery in 2004, has attracted 
tremendous interest.[1] Especially in terms of spintronics, graphene is predicted to have the 
highest spin relaxation length with coherent spin transport up to hundreds of micron. [2][3] 
In this thesis, we study the possibility of manipulating electron spins in graphene via spin 
Hall effect (SHE) through metallic adatom induction. Here, graphene decorated with gold and 
silver nanoparticles are used in our model systems. Gold nanoparticles are shown to induce 
larger non-local spin Hall signal than silver nanoparticles. Spin Hall coefficient and spin orbit 
coupling strength are also extracted and compared. Our results shows that the extracted spin 
Hall coefficient ~0.1 is in par with the results obtained in heavy metals like platinum. 
In the second part of the thesis, we study the effect of substrates with large spin orbit 
coupling strength on graphene. We show that the substrates like tungsten disulfide are able to 
proximity induce very strong spin orbit interaction, leading to a high non local spin Hall 
signal. Finally we study the spin Hall effect in locally hydrogenated graphene. While this is 
shown to not improve the spin relaxation, it opens up the possibility to control the spin orbit 
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1.1.1 Graphene discovery 
Graphene is a single layer planar sheet of sp2 bonded carbon atoms arranged in the hexagonal 
crystal lattice. It is the basic building block of all graphitic material. In bulk 3-dimensional 
material, graphite’s structure resembles that of many stacked up layers of graphene which 
holds together with van der Waals forces. In one-dimensional material, carbon nanotubes 
resemble that of a graphene which is rolled up. Fullerenes are the zero-dimensional 
counterparts for graphene related material. The schematic drawings are shown in Figure 1-1 
below.[1] Studies have shown that pyrolytic graphite has exfoliation energy of 61 meV/C 
atom. [4] Using a direct estimation from the lattice parameter, a square nanometre area of 
graphene has close to 38 carbon atoms and these account to over 2 eVnm-2. [5] To separate 
these layers, we can overcome this energy by employing exfoliation. Researchers from 
Manchester University led by A. K. Geim have succeeded in employing micro-mechanical 
cleavage to separate layers of graphite into graphene sheets. Two-dimensional material has 
previously been seen to be thermodynamically unstable as the thermal fluctuation at any 
finite temperature exceeds the inter-atomic distances. The growth of two-dimension material 
from crystallite nucleus requires an even higher temperature, which is devastating to the 
thermodynamic stability. Mechanical peeling of graphene from highly orientated pyrolytic 
graphite negates the need to grow graphene from nucleus. The strong interatomic bonds and 
the van der Waals attraction of graphene to the substrate further stabilize and quench it in a 
meta-stable state. [1] Although graphene also exists in suspended form when exfoliated onto 




Being a novel material with monoatomic thickness, graphene has created the bridge for many 
low dimensional physics research. Graphene possesses extremely high crystal quality and 
many unique properties like ballistic transport on micrometer scale.[6] Other novel properties 
include measureable quantum hall effect at room temperature[7] and the existence of 
quasiparticles that mimic massless Dirac fermions[8] which provides an experimental route 
to quantum electrodynamics.[1] Even at high electron and hole doping of 1013cm-2, graphene 
possesses high mobility of up till 15,000 cm2V-1s-1 at room temperature.  
 
Figure 1-1 Allotrope of carbon from top left clock-wise graphene, graphite, buckyball and carbon nanotube[9] 
 
1.1.2 Graphene growth 
Although graphene has proven itself as a prospective material for microelectronic fabrication, 
compatibility issues is still the restricting factor for industry application. Even in terms of 
academic researches, micromechanical exfoliation method rarely provides for large enough 
flakes size. Flake sizes larger than 100µm are rarely obtained and alignment need to be made 
in the lithography fabrication steps. The resulting devices are also restricted to the physical 
boundary made by the graphene size. These makes graphene incompatible with the 
semiconductor manufacturing industry with its wafer size very large scale integration. There 
is a need for a larger scale production of graphene by chemical vapour method or epitaxy 
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growth method. This chapter summarise and compare the two common method of graphene 
synthesis.  
1.1.2.1  Chemical vapour growth of graphene 
Chemical vapour deposition (CVD) typically utilizes a chemically simple raw product which 
can be injected in its vapour phase into the system. These are generally converted into the 
final product via solid solution segregation or by catalytic conversion. The two mechanism 
are seen in nickel (Ni) based and copper (Cu) based CVD growth of graphene respectively.Ni 
based CVD utilizes a polycrystalline thin film of Ni which is annealed at ~1000°C in Ar/H2 
environment, This step reduces the impurity concentration and encourages grain size growth. 
These are important for subsequent growths as an atomically layer growth is very susceptible 
to impurity inclusion and grain boundary obstruction. Hydrocarbons are then injected as raw 
materials along with hydrogen which serve as a reduction gas. These hydrocarbon diffuses 
into the Ni and form a solid solution. Reduction of the temperature also reduces the solubility 
and forms a supersaturated solution. The excess carbons then segregate on the surface of Ni 
and these initiate graphene formation. [10] This process is strongly dependent on the carbon 
concentration, cooling rate, gas mixture ratio and growth times. More segregation are usually 
observed at the grain boundaries which give rise to regions of multilayer growth.  
Cu based CVD also utilizes similar annealing step, forming large grain polycrystalline Cu. 
Hydrocarbon and hydrogen gas are also injected but the mechanism and conditions differs 
from the Ni case. As Cu has ultra low carbon solubility[11], the carbon source for the 
graphene growth originates from the catalytic conversion by the Cu surface. Therefore when 
a layer of graphene is grown, it self-terminates and prevents multilayer formation.[12] This 
ensures Cu growth to have a higher quality of single layer graphene growth as compared to 
Ni growth. Figure 1-2b shows regions of multi layer graphene which are visible under the 
optical microscope when the graphene is transferred to a silicon dioxide substrate. The 
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interference effect of the ~300nm silicon dioxide provides for a strong contrast between 
single layer and multi layer graphene.[13] In Figure 1-2c, Raman spectroscopy on both the 
multi layer region and the single layer region for Ni grown graphene produce the D band 
which is related to defective graphene.[14] This is not visible in the Raman spectroscopy for 
Cu grown graphene as shown in Figure 1-2f. 
 
Figure 1-2 Mechanism for Ni growth (a) and Cu growth (d). Optical images of graphene on SiO2 grown from Ni (b) 
and Cu (e). Raman spectroscopy of graphene grown from Ni (c) and Cu (f). [15] 
 
1.1.2.2 Epitaxial growth on silicon carbide 
The epitaxial growth of silicon carbide(SiC) differ from the CVD growth as a simpler and 
more direct method of growth. The carbon source needed for graphene growth comes from 
the lattice of silicon carbide itself. Treatment with high temperatures and low pressures cause 
the surface layer to be reduce to graphene. [16] This epitaxial growth produces good quality 
graphene with little defects. This is stems from SiC being a ceramic with a uniform lattice 
structure. This results in a uniform reduction to the resulting graphene. The disadvantage also 
originates from this as the substrate for epitaxial graphene can only be based on the starting 
material. Ceramic cannot be easily etched and this makes SiC the only viable substrate. This 
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restriction pose major issue on application feasibility. Other disadvantages includes high 
temperature (>1100°C) and low pressure(<10-6 Torr) requirement. These are expensive to 
maintain and this pose cost issues to epitaxial growth graphene.[11]  
 
1.1.3 Graphene electronic transport 
In 1947, P. R. Wallace while studying the band structure of graphite showed that the energy 
momentum dispersion is linear for graphene at low energy. This occurs only at the corners of 
the brillouin zone in the reciprocal lattice and leads to the zero effective mass for both 
electrons and holes.[17] Compared to many 3-D materials, graphene has very different 
electronic properties. Firstly, graphene is a semi metal and this meant that it is a zero gap 
semiconductor. The zero carrier density at the charge neutrality point[18], coupled with a 
zero band gap makes its electronic transport unique. Graphene has a linear band structure 
whereby the Fermi level crosses exactly at the Dirac point.[19] This linear dispersion occurs 
only at low energy level and it has huge significance. Many quantum electrodynamics 
phenomenon is exhibited in graphene due to the massless fermions behaviour with a Fermi 
velocity of 106 ms-1. Graphene lattice structure can be viewed as two identical sub lattices 
overlapping each other as shown in Figure 1-3. Using this, two in-equivalent reciprocal sub 
lattice can be constructed. By considering the closest neighbour hopping, t, (via different sub 
lattice) and next nearest neighbour hopping ,t', (via same sub lattice); the band structure can 
be constructed as shown in Figure 1-4 via tight binding calculations[20] and linear dispersion 





Figure 1-3 Lattice and reciprocal lattice of graphene[9] 
 
 
Figure 1-4 Band structure of graphene[9] 
 
 
1.1.4 Carbon based spintronics 
The first experimental observation of spin-polarized electrons injection dates back to 1985 
when Johnson and Silsbee [21] utilized a simple yet never proven concept by Aronov [22]. 
When sending a current through a ferromagnetic material, the current will incidentally be of a 
single spin orientation if the Fermi level of the material lies only on one spin sub band.[23] 
This condition would ensure the magnetization rate is similar to the charge injection rate. Yet, 
common ferromagnetic materials do not satisfy this condition with half metals being the 
exception.[24] This simplistic model neglects the interfacial relaxation and equates the spin 
current Im as 𝐼𝑚 = 𝑃µ𝐵𝐼𝑒/𝑒 where P is the polarization of the ferromagnetic contacts,  µB is 
Bohr magneton, Ie is the charge current and e is the electronic charge. This experiment was 
done using paramagnet as the channel and the signal, V, was measured as 𝑉 = 𝑃µ𝐵𝑀/𝜒𝑒 
where χ is the magnetic susceptibility of the paramagnet, µB is the Bohr magneton, M is the 
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non-equilibrium magnetization and e is the electron charge. Although metal is the least 
complicated when employed as the channel for spintronics device, it possesses a detrimental 
flaw in itself. Metal generally exhibits strong spin orbit coupling and this mixes the spin and 
momentum of the electrons and leads to relaxation of the spin coherency.[25] As a result, 
metal generally has spin relaxation length in the range of hundred of nanometres.[26] 
Semiconductors on the other hand generally exhibit spin relaxation lengths on the order of 
several microns. This is where graphene outshines its competitor with a theoretically 
predicted 100 microns spin relaxation length.[2][3] Although there are controversy in how 
these lengths are derived, it is undeniable that graphene has a significant higher spin 
relaxation when compared to its counterparts.[27] This is attributed to its low spin-orbit 
coupling and weak hyperfine interactions stemmed from the low atomic number for 
carbon.[28] These will be discussed more in the subsequent chapter. 
 
1.2 Spin transport in graphene 
Graphene exhibit an intrinsically low spin orbit coupling and this can be attributed to the low 
atomic number of carbon(Z=6). [22] Simplistically, spin coherence can be viewed as the 
preservation of spin information during carrier transport. Spin scattering occurs when the 
momentum and spin of the electrons are mixed. [29] When spin orbit coupling is low, the 
spin information is preserved during and between collisions. This enables the spin 
information to be maintained for longer times. Spins are also scattered when magnetic 
impurities are present [30] but these are negligible from our system as observed from weak 
localization and universal conductance fluctuation measurements.[31] As a result, spin states 
are assumed to be degenerated with a low degree of freedom.[32]  
1.2.1 Origin of spin orbit coupling 
The Dirac equation which dictates the transport of electrons in graphene can be written as 
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(𝑐𝜶.𝒑 + 𝛽𝑚𝑐2 + 𝑉)𝜑 = 𝐸𝜑 ; 
𝜶 = �0 𝝈
𝝈 0� and 𝛽 = �𝑰 00 𝑰�    Equation 1-1 
 
where σ are the standard Pauli matrices, V is the external potential and φ is the wave function. 
By power series expansion of the Dirac equation in v/c up till the term (v/c)2, we obtain the 
Hamiltonian as 
𝐻 ≈ 𝑚𝑐2 + 𝒑2
2𝑚




∇𝑉(𝒓) × 𝒑 ∙ 𝜎 + ℏ2
8𝑚2𝑐2
∇𝑉(𝒓)   Equation 1-2 
 
The fifth term in this expansion is the term corresponding to the spin orbit coupling where the 
definition arises from the fact that the angular orbital momentum is defined as 𝑳 = 𝒓 × 𝒑. 
[33]. In the semi-relativistic view, one can take the reference frame of the moving electron 
while it traverses close to a nucleus. From special relativity, a magnetic field is felt that is 
proportional to the cross product of the velocity and the electric field felt by the electron. This 
is when the intrinsic magnetic moment of the electron interact with the magnetic field.  
1.2.2 Rashba and Dresselhaus spin orbit coupling 
As explained in the previous section, spin orbit interaction is purely a relativistic inclusion 
and the contributing term to the Hamiltonian is written as,  
𝐻𝑆𝑂 = ℏ4𝑚2𝑐2 ∇𝑉(𝒓) × 𝒑 ∙ 𝜎      Equation 1-3 
 
It is the gradient of the potential that induces spin orbit interaction and this value changes 
depending on the lattice position. Therefore we should only be concerned with the spatial 
inversion symmetry of the confining potential which would lead to a non zero contribution 
throughout the lattice. Another concern is the time reversal symmetry which flips both the 
momentum and the spin under a transformation, from |k, ↑> to |-k, ↓> instead of |k, ↑> to 
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|-k, ↑> in the case of spatial inversion. Therefore both spatial asymmetry and time reversal 
asymmetry contributes to spin orbit coupling. Time reversal asymmetry can be obtained 
through the application of a magnetic field as the Lorentz force changes its direction under 
time reversal. This is also classically acceptable as a magnetic field scatters the spin in 
opposite direction. In terms of the spatial inversion asymmetry, Dresselhaus explained this in 
1955 with the famous Zinc Blende structure that a simple effective mass concept is invalid 
due to the spatial inversion asymmetry in the lattice. Addition degeneracy due to time 
reversal are also presented which leads to the concept of Bulk Inversion Asymmetry 
(BIA).[34] This lack of inversion symmetry in the point group for the lattice leads to spin 
orbit interaction. [35] It was many years later in 1984 that Rashba and Bychkov observed an 
interfacial effect known as the Structure Inversion Asymmetry (SIA).[36] It was found that 
inversion asymmetry can arise from the heterostructures interface. It is important to note that 
BIA arises from the bulk lattice structure which is fixed while SIA arises from the 
heterostructures interface which can be changed by gating potentially.  We shall return to this 
in §1.2.4 where this is confined to the two dimensional electron gas system. 
 
1.2.3 Conventional graphene spin valves 
Spin valves have been conventionally fabricated with ferromagnetic contacts and channels 
commonly utilises metal or semiconductor. The introduction of graphene adds on another 
prospective material to the list. Yet, this new material did not prove to its theoretical mark of 
a 100 µm spin relaxation length. This short spin relaxation length in experiments is attributed 
to ferromagnetic contact induced relaxation and the only means to improve this is to improve 
the tunnelling barrier fabricated to inject spins into graphene.[37] This tunnelling barrier is 
required due to the conductivity mismatch problem as postulated by Rashba. [38] By 
employing a thin and highly resistive tunneling barrier, spin transfer efficiency is 
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significantly improved. This is inherent to any material that has a huge mismatch in 
conductivity as compared to the ferromagnet. Figure 1-5 shows a SEM image of a graphene 
spin valve device with cobalt used as ferromagnetic contacts. A magnetic field is used to 
switch the polarization of the electrode with varying width. This changes the spin 
accumulation at the detector contacts and a potential difference is measured as a result of the 
varying chemical potential. Figure 1-6 shows a representative measurement on such 
conventional spin valves. 
 
 
Figure 1-5 Device geometry of conventional graphene spin valves [39] 
 
 





1.2.4 Spin hall effect in non-local devices 
By confining to the x-y plane, transport is restricted in the lateral direction and we can 
simplify the spin orbit interaction for the earlier derived, 
𝐻𝑆𝑂 = ℏ4𝑚2𝑐2 ∇𝑉(𝒓) × 𝒑 ∙ 𝜎     Equation 1-4 
 
By writing 
∇𝑉(𝒓) = ∇(eφ) = −eEz𝐳�     Equation 1-5 
where e is the elementary electronic charge and Ez is the electric field in the z direction 
the spin orbit interaction is simplified to  
𝐻𝑆𝑂 = 𝜆𝝈 × 𝒑.𝒛�; 𝜆 = 𝑒2ℏ2𝐸𝑧4𝑚∗2𝑐2     Equation 1-6 
 
where ħ is 1/2π of the plank's constant, m* is the effective electron mass and c is the speed of 
light 
In the case of graphene, Balakrishnan et al. (2013) has demonstrated a colossal non-local 
signal in weakly hydrogenated graphene. This arises from a slight out of plane distortion 
which mixes the σ-orbital from the sp2 hybridization and the π-orbital.[40] Pristine graphene 
has the σ-band and π-band orthogonal to each other due to the sp2 hybridization. Mixing these 
two bands enhance the spin-orbit coupling significantly.[41] By modelling a Dirac delta 
potential, the Rashba and Dresselhaus contribution can be shown to be  
𝐻𝑅 = 2𝜆𝑅�𝜎𝑥𝑠𝑦𝜏𝑧 − 𝜎𝑥𝑠𝑦�𝛿(𝒓)𝑎2     Equation 1-7 
 
and 




respectively where λR is the Rashba coupling, λD is the Dresselhaus coupling, σ are the pauli 
matrices, s are the pseudospins, a is the lattice constant and τz equates to +1 for the K point 
and -1 for the K' point. 
The scattering leads to non-local voltage measured when a source drain current is passed 
through an adjacent contacts as shown in Figure 1-7. 
 
Figure 1-7 Non-local spin hall effect scattering in weakly hydrogenated graphene[40] 
 
1.2.5 Spin scattering in graphene 
In transport studies, understanding of the scattering mechanisms are essential for the 
development of any practical spintronics applications. Two spin relaxation mechanisms are 
predominant in graphene spin transport, namely Elliot-Yafet (EY)[42] and Dyakonov-Perel 
(DP)[43] mechanism. In EY spin relaxation, the spin has a finite probability of losing its 
coherency when it encounters a scattering site. This stems from the theory that the spin orbit 
interaction creates  electronic wave functions near its vicinity and these influence probability 
of spin flips at the scattering sites. In DP spin relaxation, the spin flip probability is affected 
by the spin orbit interaction effective magnetic field. This effective magnetic field changes 
direction for every scattering events and evens out if scattering event is too frequent. 
Therefore, a proportional spin relaxation time, τs, vs elastic scattering, τc, would signify a 
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dominant EY scattering and a inversely proportional τs vs τc would signify a dominant DP 
scattering mechanism. [43] 
1.2.6 Hanle precession in spin transport 
Conventional spin valves employ the usage of ferromagnetic contacts and a magnetic flipping 
of the contacts to observe the spin signal. Therefore, hall voltage from either applied 
magnetic field or from the ferromagnetic contact might show signals very similar to spin 
flipping. Consequently, the major proof of spin transport relies on the ability to precess the 
spin under perpendicular magnetic field with respect to the spin direction. In classical sense, 
this is similar to a gyroscope that precess around the gravity. Therefore in spintronics, a 
measured signal would show an oscillatory behaviour switching from positive to negative 
signal as the perpendicular magnetic field is increased. This precession signal can be fitted 
according to the formula as 
𝑅𝑁𝐿 ∝ ±∫ 1√4𝜋𝐷𝑡∞0 𝑒�− 𝐿24𝐷𝑡� cos(𝜔𝐿𝑡) 𝑒�− 𝑡𝜏𝑠�𝑑𝑡    Equation 1-9 
 
and 
𝜔𝐿 = 𝑔𝜇𝐵𝐻⊥/ℏ        Equation 1-10 
 
where D is the diffusion constant, ωL is the Larmor frequency, τs is the spin lift time, g is the 
gyromagnetic ratio, µB is the Bohr magneton and H is the magnetic field.  
Figure 1-8 shows a representative spin precession signal obtain from a conventional graphene 




Figure 1-8 Spin precession signal and magnetic field direction schematic measured by Han and Kawakami (2011) [44] 
 
1.3 Objective and scope of this thesis 
1.3.1 Atomic number dependence on spin Hall effect 
With the spin of electrons getting more lime light in the computer processing community, we 
foresee spintronics to play a major role in future microelectronics operation.[45] Classical 
electronics manipulate charge current and use capacitor to store data without any usage of the 
spin information. The discovery of Giant Magneto Resistance (GMR) in 
ferromagnet/metal/ferromagnet hetero-structures by Fert et al., and independently by 
Grünberg et al., in 1988 showed that by manipulating the relative orientation of the 
magnetization in the ferromagnetic layers, a change in the electrical resistance  > 100% can 
be achieved. With the manipulation of spin orbit coupling, the paradigm is being shifted 
where the lines between data storage to data processing is blurring.[32] We sought to increase 
the non local SHE signal through proximity induction of spin orbit coupling. This can be 
achieved either through adatoms decoration or substrate effects. Additionally, in an effort to 
locally pattern and manipulate spin orbit coupling, we locally hydrogenated the graphene 
only at injection and detection regions. Spin orbit coupling strength, spin relaxation length 
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2 Experimental techniques 
2.1 Graphene preparation 
2.1.1 Micromechanical exfoliation 
Similar to the method employed by Geim's group to isolate graphene, micro-mechanical 
exfoliation is used to prepare graphene samples. The starting material can be either a highly 
orientated pyrolytic graphite (HOPG) or natural graphite flakes. The difference in the starting 
material is the difference in yield and average size of graphene obtained. Natural graphene 
has a yield of obtaining single layer graphene and HOPG has a higher chance of obtaining 
larger pieces of single layer graphene. Adhesive tapes are used to stick onto the raw graphite 
to remove a thick layer from it. Thin flakes visible to the naked eye were peeled off from 
larger graphite flakes using a sharp tweezers. Micro mechanical cleavage is then 
accomplished by sticking with another tape. This process is repeatedly done until a thin layer 
of near transparent graphite flake is left on the scotch tape. Transfer is then done by sticking 
the final piece of scotch tape onto the clean silicon wafer prepared. The silicon wafers used 
are p-doped with an oxide layer of 285 nm; this produces the interference effect that made 
graphene visible under the optical microscope.[13] Plastic tweezers were used to rub gently 
onto the scotch tape in a slow and rhythmic rastered over the entire dimension of the wafer. 
This is done for roughly five minutes before removing the scotch tape. The wafer is then 
observed under the optical microscope to search for single layer graphene. The determination 
of graphene in this step is done by an estimation of the interference colour produced. Bilayer 
graphene emits a slight purplish interference colour and the colour for single layer graphene 
is close to transparent with a pinkish hue. As the layers of graphene increases, the 
interference colour shifts from light purple to dark purple then to blue and finally to yellow 
reflective surface as it becomes opaque. Uniformity of the graphene is also important as 
folding and creasing will reduce the stability of the graphene.[46] This lowers the chances of 
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graphene rolling up during annealing and spin coating. The coordinate of the graphene 
referenced to the corner of the chip is determined with the stage monitor attached to the 
optical microscope. Although this process inherently introduces some glue and dirt onto the 
silicon wafer, the surface that is freshly cleaved is free from these impurity. It ensures that the 
impurities only lies on the surface of graphene or silicon dioxide and they do no dirty the 
interface between graphene and silicon dioxide.[47] This is important as only the top surface 
impurity can be removed in subsequent annealing steps.  
 
2.1.2 Chemical vapour deposition growth 
The graphene used in this experiment is grown by our collaborators in Sungkyunkwan 
University (SKKU). A simplified process flow of the copper graphene growth will be 
illustrated here. Copper foils used for graphene growth are 99.999% purity high quality 25 
µm thick copper foils. These are annealed in an 8 inch quartz furnace at 1000°C with high 
purity 99.999% hydrogen gas for 3 hours. This annealing step is to bring the copper foil to 
close to its melting point to increase its grain size and also to improve the surface roughness. 
This step is particularly important as a rough edge will create ripples in the graphene 
growth[48] and the excessive graphene will be folded during the transfer process which will 
be outlined in the later chapters. At this point, a gas mixture of methane and hydrogen is 
introduced into the chamber. This methane is catalytic converted into single layer graphene 
and the mechanism is self terminated when the full copper surface is grown with 
graphene.[49] Graphene grown on copper is less sensitive to growth conditions as compared 
to nickel grown graphene which have a growth mechanism by precipitation. However, it is 
still quite sensitive to the temperature growth time and flow rate of the gas. Poly methyl 
methacrylate (PMMA) is spin coated on the inner curved surface of the copper foil and the 
outer curved surface is exposed to reactive ion etching system. The condition used for etching 
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of outer side graphene on copper is 50 sccm oxygen flow rate with a plasma power set at 
50W for 5 mins. This ensures all multilayer defects are also removed to ensure the transferred 
graphene is free of carbon impurities. Ammonium persulfate is used to etch off the copper as 
the PMMA support floats on the surface with the graphene. This is then scooped up with a 
glass slide and washed in DI water before finally scooped up with a silicon wafer. The 
graphene with PMMA on silicon dioxide is then dried and baked on the hot plate at 180°C to 
remove moisture and to ensure conformity to the silicon dioxide surface. Anisole followed by 
acetone is used to remove the PMMA support layer. Furnace annealing with a Ar/H2 mixture 
of 95%/5% at 300°C for 6 hours is used to remove any glue or PMMA residues on the 
surface. 
2.2 Device fabrication 
2.2.1 Electron beam lithography 
Electron beam lithography (EBL) is employed to pattern and fabricate electrode leads and to 
define graphene etch mask. The basic electron beam rastering is similar to the concept in 
scanning electron microscopy (SEM) whereby a focus electron beam is raster over the field 
of view. For imaging, the electron beam are accelerated to less than 5 keV to reduce 
penetration and the dosage is also reduced to minimize unnecessary exposure. Commonly 
beam current is fixed in SEM and EBL system and the means to control the dosage of 
electron exposure is through adjusting the line to line spacing, the point to point spacing and 
the dwell time per point. In imaging, it is best to use the lowest exposure that gives the 
required image clarity and it is arbitrary depending on the user skill in adjusting for 




Figure 2-1 Schematics for the internal parts of a SEM 
 
In the case for EBL, the hardware is similar to an SEM and the only difference is an 
additional nano pattern generation software. This raster the beam to the required pre design 
pattern and adjust the raster point and dwell times accordingly to achieve the desired 
exposure. Experimentally, a layer of PMMA is spin coated over the sample, exposure to the 
correct dosage of electrons breaks down the polymer chain. This increases the solubility of 
the polymer significantly, makes it soluble in the developer solution and defines the pattern 
for either metal deposition or etching. Undercut is obtainable for positive resist due to the 
way electron beam scatters and this enables the deposited metal to break off during the resist 
stripping process. A double layer resist of different solubility is also commonly used to 
improve the undercut of the channel to improve lift off of deposited metal during resist 
stripping. Shown below in Figure 2-2 is a schematic of the process flow for device fabrication. 
Electrodes are made through a thermal evaporation process. Typically a thin chromium layer 
of less than 5nm is deposited before the gold to improve the adhesion of the contacts to the 
silicon dioxide substrate. This is done in high vacuum inside the chamber of the thermal 
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evaporator and this prevents the deposited chromium from oxidation. 30nm to 80nm of gold 
is then deposited as electrical leads that probe the graphene and connects to wire bonds in 
subsequent measurement. After the evaporation, the whole chip is immersed in acetone to 
strip off the PMMA and this causes the unwanted gold to lift off. Isopropyl alcohol (IPA) 
rinse is done after this to prevent the re-deposition of residues back to the surface. This step is 
essential due to the high vapour pressure of acetone as the dissolved residues might be re-
deposited due to the rapid evaporation. The IPA is then blown dry with nitrogen gas. 
Graphene etching is done after the etch mask is written by the EBL and developed. This step 
is done with oxygen reactive plasma where a setting of 20W and 20sccm oxygen gas flow is 
used to remove the excess unwanted graphene.  
 
Figure 2-2 Cross-section schematic diagram of oxygen plasma and contact fabrication using EBL (a) Graphene after 
annealing (b) Spin coating of PMMA (c) EBL patterning (d) Development with Methyl Isobutyl Ketone (MIBK) (e) 
Oxygen plasma of graphene (f) Thermal evaporation of gold (e) Lift off with acetone 
 
2.3 Electrical measurement 
Room temperature electrical measurements are carried out on a probe station 
micromanipulator or variable temperature insert in vacuum environment. Low temperature 
measurements are accomplished through the variable temperature insert on Cryogen free 
magnet system from Cryogenic Limited. Standard low frequency lock-in techniques are 
utilized via Stanford Research Systems, SR 830, at 13.373Hz. A standard resistor of 10 mega 
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common resistance of graphene. The lock in technique sends out a signal at a particular 
frequency and the signal measured in the detector is Fourier transformed and the 
corresponding amplitude is filtered out based on the frequency. This is particularly effective 
in filtering out noise which may occur from the ambient arising from either nearby power 
source, human interference or building vibrations. This enable even a small signal to be 
isolated from a larger root mean square noise. Additional feature like phase sensitive 
detection also improves the band width detection, increasing the capability to pick up the true 
signal more efficiently. Lastly, phase information is also important in the measurement as it 
determines if there is any time delay that is incorporated through capacitive or induction 
elements. Therefore, a signal detection with stable phase shift is important. Figure 2-3 shows a 
schematic of the noise filtering of the standard lock in technique. 
 
Figure 2-3 Noise filtering with the standard lock in technique 
 
2.3.1 Non-local measurement 
The non-local signal which arises from spin hall effect is measured as shown in the 
schematics in Figure 2-4. The current is sent through leads 2 and 8 and the resulting signal is 
measured from leads 3 and 7. The charge density in graphene is then modulated through the 
back gate with a keithley voltmeter. A safety resistor of 10 Giga ohms is inserted in between 
the keithley and the back gate to safe guard against sudden surge of currents. The leakage 
current of the back gate is then monitored to ensure that there is no breakdown of the silicon 
dioxide in the measured device. The 300 nm silicon oxide used in the experiment commonly 
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has sheet resistance in the range of 300 Giga ohms to 1 Tera ohm. If leakage current increases 
close to that as permitted by the safety resistor, the oxide barrier has broken down and the 
field effect which is supposed to modulate the charge density is no longer effective.  
 
 
Figure 2-4 Schematic for non-local measurement geometry 
 
2.3.2 Spin precession measurement 
Spin precession is measured in the cryogen free low temperature Cryogenic magnet system. 
The wafer are glued and electrically connected to the LCC chip carriers through silver paste. 
Wedge bonding are used to connect electrically to the leads for measurement. The LCC chip 
carriers are loaded into sockets that is housed into the variable temperature insert. When 
loaded into the Cryogen systems, the helium circulation cools the inserts to cryogenic 
temperature where magnetic field are applied. Rotating insert are also used to determine the 
parallel or perpendicular magnetic field direction. 
 
2.4 Characterization techniques 
2.4.1 Atomic Force Microscopy 
Atomic Force Microscopy (AFM) is a non invasive technique under the family of scanning 
probe microscopy. Similar to SEM, the topography is obtained by a raster of the probe 
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through the field of view. The difference is that AFM employs a physical tip whereas SEM 
raster with magnetic field deflecting the electron beam. The AFM tip is mounted on a 
cantilever that is reflective and this cantilever reflects the laser that is impinged on it. As the 
AFM tip interacts with the substrate surface, the laser is deflected according to the spring 
constant of the cantilever. The mode used in this experiment is the tapping mode where by 
the tip is made to resonate at a frequency determined by the cantilever. The deflected signal is 
send through a feedback loop whereby the tip height is raised and lowered. The feedback 
loop generate a signal that maintain the tip at a constant force or height. These are processed 
via the same standard lock in technique as described in previous chapters. The noise arising 
from vibration and electrical noise are filtered off and the topography is mapped out. The 
phase change in the lock in technique also give a quantitative information regarding the 
surface through tip surface interaction. This gives a different phase even on a flat topography 
when different materials are encountered. 
2.4.2 Electrostatic Force Microscopy 
By employing a conductive tip in the AFM and a tip bias, the electrical interaction of the 
surface is mapped out. Standard lock in technique is available for a constant phase, height or 
force detection. These will be used in the experiment to determine the morphology of the 
dispersed metal nanoparticles. It is of importance as SEM can distinguish between the metal 
and non metal particles but it cannot give the height information. By using Electostatic Force 
Microscopy (EFM), the same site can be scanned for electrical interaction together with 
topography information. This is available for the Park AFM system where a two pass 
technique is used. Topography is scanned and stored in the first line scan and this is used in 
the second EFM line scan. The tip is lifted to a height as indicated by the user, the topography 
interaction is then offset in the second scan with information obtained in the first. The tip is 
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biased and the extended distance along with stored topography information selects out the 
long range electrostatic interaction accurately.  
 
Figure 2-5 Van der Waals vs electrostatic interaction dominant region (a), Two pass lift EFM scanning mode (b) 
 
2.4.3 Raman spectroscopy 
Raman spectroscopy is a non-destructive characterization tool that utilizes a monochromatic 
laser to identify different molecules from the patterns or “fingerprint” produced. A small 
percentage of the incident photons will undergo inelastic scattering and this is the basis of 
Raman spectroscopy. The energy of these inelastically scattered photons depends strongly on 
the functional groups and the environment of the parent molecules. The intensity whereas 
depends on the polarizability of the functional group. [14]  
Before the usage of Raman, AFM has been the only way to identify monolayer graphene but 
it is not effective due to its low throughput. Another problem that arises in the AFM 
characterization of graphene is the chemical contrast between graphene and the underlying 
substrate which result in an apparent thickness of 0.5-1 nm. This thickness together with 
surface defects and artefact in AFM make it hard to determine single layer graphene.[14] 
Raman on the other hand provides for a fast and effective way to identify single layer 
graphene. Raman spectroscopy on single layer graphene results in two intense characteristic 
peak, the G and 2D peak. Using a 514 nm excitation laser, the two characterization peak for 
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the G and 2D peak lies at 1582 cm-1 and 2700 cm-1 respectively. The G peak corresponds to 
the doubly degenerate zone centre E2g phonon mode and the 2D peak is due to the second 
order of zone boundary phonons.[14] The 2D peak originates from a process where 
momentum conservation is obtained by the participation of two phonons with opposite wave 
vector. Therefore it is always present even without defect. This is different from the D peak 
which is only present in defected graphene. Both the G and 2D peak differs for bilayer 
graphene and the most noticeable will be the broadening of the 2D peak to more than 50 cm-1. 
Peak deconvolution shows 4 overlapping peak in close proximity, all with the same FWHM, 
24 cm-1, but of different intensity. This superposition makes the 2D peak for bilayer 
asymmetric as compared to the symmetrical single layer 2D peak as seen in Figure 2-6. [50] 
Although Raman spectroscopy is a non-destructive way to characterize samples, graphene 
being a single atomic layer thickness material, is still susceptible to damage. Similar to Ni et 
al. (2008), we shall limit our Raman incident laser incident power to below 0.1 mW. 
 





3 Z dependence of spin orbit interaction 
3.1 Motivation 
As shown by Balakrishnan et al. in 2013 [40], spin manipulation through electrical means 
opens up many possibilities. Spin orbit coupling can be induced through a curvature in the 
lattice structure [41] as well as through impurity proximity induction. It was observed 
subsequently that copper catalysed chemical vapour deposition grown graphene( Cu-CVD 
graphene) also exhibit a large SHE signal without external modification like hydrogenation. 
This was unexpected as Raman on the Cu-CVD graphene do not show any defects or bond 
deformation which can cause spin orbit coupling induction. It was then deduced that the 
residual copper that resides on graphene induces these signals. This is of particular interest as 
spin orbit coupling can be selectively manipulated with different adatoms.[51] As described 
by Castro Neto and Guinea in 2009, the impurity physisorbed on graphene can induce spin 
orbit interaction and this increases with the atomic number of the adatom. Non-local 
measurement is carried out on Cu-CVD graphene and an increased non-local signal is seen as 
compared to the weakly hydrogenated case. But the copper impurity found in Cu-CVD 
graphene is hard to quantify and it is difficult to do a comparison between the atomic number 
dependence. Therefore silver and gold colloid is utilized for physisorption of metal adatoms. 
This provides for a more controlled method of observing the effect. Another way of inducing 
spin orbit coupling is through the substrate effect. We can achieve this by transferring 
graphene onto tungsten disulfide. Although this method does not give any quantitative 






3.2 Experimental methods 
3.2.1 Adatoms decoration 
The purpose of adatom decoration is to deposit inert nanoparticles that is dispersed around 
the graphene to induce spin orbit coupling uniformly throughout the lattice. It is important to 
create a uniform distribution and also to preserve the electronic transport in graphene. Firstly, 
the adatoms have to be physisorbed onto graphene so as to not disrupt the electronic structure 
of the graphene. Secondly, the inert nanoparticles cannot form an oxide layer as this would 
reduce the proximity effect tremendously. Only two nanoparticles are of interest here, namely 
silver and gold. Colloidal nanoparticles in deionised water were purchased and these were 
drop casted onto the substrate via a micropipette. The nanoparticles are 50nm in diameters 
and there are maintained in colloidal form with benzene. Dilution with deionized water are 
employed to achieve solution of different concentrations. Air drying with and without back 
gate voltage bias are varied to observe the difference in bonding. 
 
3.2.2 Substrate induced spin orbit coupling 
Due to the constraint of introducing adatom on the surface of graphene, proximity induced 
spin orbit coupling are introduced in graphene via a substrate induction. The stacked layer is 
transferred via a similar transfer method as described by Britnell et al. (2012).[52] Slight 
changes in the actual transferring were incorporated and the process flow is summarized. 
Graphene is exfoliated as described in the previous chapter, not on the silicon dioxide wafer 
but onto a glass slide with PMMA spun on. The exfoliation yield is decreased tremendously 
and the optical contrast is also extremely low yet this method still prove to be feasible. A 
separate silicon dioxide wafer is then prepared with exfoliated tungsten disulfide flake to be 
used later. The glass slide and PMMA together with the graphene flake is then aligned top 
side down on a micromanipulator to the tungsten disulfide flake. External heating from the 
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stage is used to selectively improve the adhesion of the PMMA to the silicon wafer instead of 
to the glass slide. Many steps of furnace annealing are performed in between the various steps 
to improve cleanliness of the interfaces.  
3.3 Results and discussion 
When measuring non-local signal of the spin hall effect (SHE) devices it is important to take 
note of the phase of the resulting signal.[53] This is due to a competing signal that mimics the 
non-local signal that arises from the geometrical current leakage. As a direct current, jc, is 
sent across the source and drain as shown in Figure 3-1, the two voltage probes exhibit a 
potential difference due to the finite channel lengths and width. This signal is defined as  
𝑅𝑙𝑒𝑎𝑘𝑎𝑔𝑒 = 𝑉12𝐼𝑆𝐷 = ρxxe−𝜋𝐿𝑊       Equation 3-1 
 
where V12 is the potential difference between lead 1 and 2, ISD is the current flowing from the 
source to the drain, ρxx is the resistivity of the channel, π is the pi constant, L is the length and 
W is the width of the channel. 
 
 
Figure 3-1 Schematic illustrating geometrical ohmic current leakage [54] 
 
Based on the stability of the phase information, we can speculate if the non local signal 
comes from pure spin contribution. Geometrical leakage contains a superposition of many 
different current path and this causes the phase to vary in time. A second means to compare 
the contribution magnitude, by plotting out the non local signal together with the calculated 
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geometrical leakage as shown in Figure 3-3.The third identification is to compare the different 
length and width variation of the non local signal vs the leakage. This will be explained in 
§3.3.1. The last and most direct way will be to observe the precession behaviour of the non 
local signal as a perpendicular magnetic field is applied. 
 
3.3.1 Graphene SHE vs ferromagnetic spin valves 
In graphene, many research group model the spin transport in the diffusive regime by the 
beneath formula which taking into account the spin diffusion, spin relaxation and spin 
precession.  
𝑅𝑁𝐿 = 𝑃2𝑒2𝜎𝑊 ∫ 1√4𝜋𝐷𝑡∞0 𝑒�− 𝐿24𝐷𝑡� cos(𝜔𝐿𝑡) 𝑒�− 𝑡𝜏𝑠�𝑑𝑡 [39][44][29]  Equation 3-2 
 
with 
𝜔𝐿 = 𝑔𝜇𝐵𝐻⊥/ℏ  
where P is the spin polarization of the ferromagnetic contacts, σ is the conductivity, W is the 
channel width,  D is the diffusion constant, ωL is the Larmor frequency, τs is the spin lift time, 
g is the gyromagnetic ratio, µB is the Bohr magneton and H is the magnetic field. By fitting to 
the measured precession data, different parameters like the diffusion coefficient (D), the 
polarization (P), the spin life times (τ) and the spin relaxation length (λ) can be obtained. This 
equation calculate the probability that the detector sense an electron with similar spin 
projection as its own ferromagnetism. This probability is summed across the different 
diffusion time, t.  The pre-factor includes the effects of spin polarization in the ferromagnetic 
contact and the various dependence on the charge transport properties. The first term in the 
integral together with the first exponential collates the diffusive distribution in one dimension. 
The cosine term in the integral relate to the spin precession under an external magnetic field 
and the last exponential term incorporates the finite spin life time in the channel. When the 
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external magnetic field is zero, the precession stops and the Larmor frequency tends to zero. 
The equation can then be simplified as 
𝑅𝑁𝐿 = 12 𝑃2 𝜆𝑠𝑊𝜎 𝑒−𝐿/𝜆𝑠  [29]     Equation 3-3 
 
where P is the polarizability, λs is the spin relaxation length, W is the channel width and L is 
the channel length 
Therefore many parameters can already be extracted from the length dependence of the non 
local signal as seen from the above equation.  
The spin diffusion transport can also be calculated analytically as in Johnson and Silsbee 
(1988) by solving a one dimensional Bloch equation. [55] Similarly Abanin et al. (2009) and 
Idzuchi et al. (2012) imposes the boundary condition to an infinitely long and narrow channel 
to obtain a spin diffusion solution. [54][56]These similar form will be discussed and applied 
to the experimental results in this thesis. The polarization of the ferromagnet and the spin hall 
coefficient can be viewed in an equal footing both as the basis of source for the two spin 
system. Other than some pre-factor difference,  both can be compared qualitatively. 
𝑅𝑁𝐿 = 12 𝑃2𝑅𝑁𝑅𝑒 ��1/�1 + 𝑖𝜔𝐿𝜏𝑠�𝑒−��1+𝑖𝜔𝐿𝜏𝑠/𝜆𝑁�|𝐿|� [56]   Equation 3-4 
 
where P is the polarization of the ferromagnetic contacts, λN is the spin relaxation length, τs is 
the spin life time and ωL is the larmor frequency.  
𝑅𝑁𝐿 = 12 𝛾2𝜌𝑊𝑅𝑒 ���1 + 𝑖𝜔𝐵𝜏𝑠/𝜆𝑠�𝑒−��1+𝑖𝜔𝐵𝜏𝑠/𝜆𝑠�|𝐿|� [54] [40]  Equation 3-5 
where γ is the spin Hall coefficient, λs is the spin relaxation length, τs is the spin life time, ωB 
is the larmor frequency and ρ is the resistivity. When no external field is applied, this is 
simplified to [40][54] 




This is used throughout this thesis to obtain the Spin Hall Coefficient, γ, and the spin 
diffusion length, λs.  
 
3.3.2 Observing RNL signal in CVD graphene 
 
Figure 3-2 SEM picture of CVD graphene device 
 
Shown in Figure 3-2 is the SEM picture of a spin hall effect device made on Cu-CVD 
graphene. The length and width in the graphene channel is designed with EBL to study the 
length dependence effect of the non-local signal. The width of such devices are etched to be 
around 1µm to omit effects from rough edges. Oxygen plasma etching of graphene is 
generally considered to acquire rough edges atomically. Rough edge has danglings bond 
which contributes to electronic transport when the channel is less than 100nm. The bright 
regions are gold contact leads that are thermal evaporated onto the device and the dark color 
region is the patterned graphene.  
It is a surprise that Cu-CVD graphene exhibit a large non-local signal as compared to weakly 
hydrogenated graphene. For weakly hydrogenation graphene, the non-local signal exhibit a 
signal saturation at low hydrogenation percentage of less than 0.1%. Therefore even without 
a means of comparing the impurity to carbon ratio, it is highly interesting to study the atomic 
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weight dependence on the SHE non local signal. Shown in Figure 3-3 is the SHE non local 
signal and the resistivity (RXX) measurement on a Cu-CVD graphene sample. The observed 
non local SHE signal is almost 5 times that of the geometrical leakage at the Dirac point for 
the 1.5µm channel and this increased dramatically to 434 times for the 4 µm channel. This 
was observed for many samples and all samples exhibit such large SHE non local signal. As 
Cu-CVD graphene is grown with methane and the surface copper catalytically converts the 
methane to carbon. This catalytic mechanism stops at a single layer graphene. This also 
meant that there is no chance for graphene to create a crevice for copper residue to reside in. 
We would expect little or no segregation of copper. This is also shown clearly in Figure 3-2 
that no substantial amount of copper is present to show a contrast difference under SEM 
images. The length dependence of the non local SHE signal is fitted with Equation 3-6 and 
the spin Hall coefficient and the spin relaxation length are extracted. This fitting is shown in 
Figure 3-4. Figure 3-3 shows a non local measurement carried out on a Cu-CVD graphene. The 
non local signal peaks at the same carrier concentration as the resistivity. Near the Dirac point, 
transport is bipolar and this causes smearing of the 1/n singularity in the non local SHE signal 



































Figure 3-3 Rxx, RNL and RLeak for Cu-CVD graphene at room temperature. L/W = 1.5 
 









 RNL/ρxx calculated from leakage
 RNL/ρxx as measured









Figure 3-4 RNL/ρxx vs length dependence for Cu-CVD graphene at room temperature, fitting parameter γ=0.181, 
λs=1.01µm 
 
Raman spectroscopy was done on Cu-CVD graphene and a blue shift is seen in the 2D 
excitation peak as compared to exfoliated graphene. This is shown below in Figure 3-5. 
Although this 10 cm-1 might indicate that there is a ~ 0.3% strain in the graphene lattice, this 
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is not a good comparison as Cu-CVD graphene and exfoliated graphene are structurally 
different. There might be defects contained in Cu-CVD graphene which might lead to this 
blue shift in the 2D peaks. The negligible the D peak of Cu-CVD graphene however confirms 
little defect in the Cu-CVD graphene, yet this still does not relate that the copper impurities 
with the strain in the graphene lattice. Figure 3-6 shows that there is a negligible shift in the G 
excitation peak. This indicate no changes in the chemical bonds of the graphene. This infers 
that the copper residues are physisorbed on graphene with little chemical bonding. 
 




















2D peak shift ~ 10 cm-1
 























Shift in G peak ~1.5 cm-1
 
Figure 3-6 Raman spectroscopy G peak for CVD graphene and exfoliated graphene 
 
 
Figure 3-7 Raman mapping of a CVD graphene device from left to right 2D, G and D peak 
 
Raman mapping of a Cu-CVD graphene spin Hall device showing 2D, G and D bands. The 
2D Raman mapping was done to ensure the uniformity of the Cu-CVD graphene. These scans 
are done on the length dependence devices and a faint D-band outline can be seen tracing the 
graphene edges. This can be explained to arise from edge defects of the rough edge 
associated with oxygen plasma etching. The G and 2D mapping showed a very uniform 
graphene and no significant non-uniformity is observed. As predicted by Castro Neto and 
Guinea in 2009, impurities on graphene does give rise to spin orbit coupling through bond 




3.3.3 Z dependence on RNL for adatom proximity induced spin orbit coupling 
Since it was shown that the copper residue enhances spin orbit interaction, it is then possible 
to introduce many other transition metals in hope to see a strong non local signal. Another 
idea is to selectively tune the induced spin orbit coupling using different adatoms. Inert 
material choice is the most natural choice as we would not want an oxide or a chemical 
bonding layer to increase the distance between graphene and the adatom. The particle size is 
a second factor in consideration as we do not want a significant change in the electronic 
properties of graphene and it must provide for a large surface to volume ratio for interaction. 
Silver and gold nanoparticles colloid in DI water is used and this are maintained in 
suspension via benzene stabilization. When the solution dries off, some segregation are 
observed which increases the particle size. Yet this is not an issue as we are only interested in 
the uniform dispersion and a large surface to volume ratio. Shown in Figure 3-8 are the SEM 
images, AFM height and AFM phase contrast of the graphene with gold nanoparticles colloid 
drop cast and air dried. The gold nanoparticles showed up clearly as bright spots in the SEM 
images. These corresponds closely to that seen in the AFM and also in the phase contrast 





Figure 3-8 SEM image(top), AFM height contrast(left), AFM phase contrast(right) of gold nanoparticles on exfoliated 
graphene 
 
An EFM is also performed on the nanoparticles on exfoliated graphene as shown in Figure 3-9 
to confirm that the particles detected in the AFM are metals and not organic residues. The 
AFM height topography shows some particles physisorbed on the exfoliated graphene and the 




Figure 3-9 AFM image (left) and EFM phase detection(right) of gold nanoparticles on exfoliated graphene 
 
Although we might not be able to control the coverage of the nanoparticles by drop casting, 
similar experimental methods are used for the silver and gold nanoparticles. The AFM and 
EFM done on the channels after measurement also ensures a good control between the gold 
and the silver nanoparticles decoration. Moreover multiple devices were measured and they 
all exhibit the same trend.. The length dependence of the non local SHE signal is shown in 
Figure 3-10 for gold nanoparticles and in Figure 3-11 for silver nanoparticles. Equation 3-6 is 
used to fit the length dependence data and the spin Hall coefficient and the spin relaxation 
length is obtained. The main concern here is to compare the difference between the spin Hall 
coefficient of the silver and gold nanoparticles. It was expected that the gold nanoparticles 
would induce a large spin orbit coupling and thus a large non local signal.[58] Along with the 
increment of spin orbit coupling also brings the lowering of the spin relaxation length as spin 
orbit is the main scattering mechanism in spin transport. Yet the experimental results go 
against this trend whereby a larger non local signal is observed with a smaller spin Hall 
coefficient and a larger spin relaxation length.  
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 RNL/ρxx calculated from leakage
 RNL/ρxx as measured
 Fitting for RNL
 
Figure 3-10 RNL/ρxx vs length dependence for gold nanoparticles drop cast solution, 50nm, 1.1x1009particles/ml at 
room temperature, fitting parameter γ=0.303, λs=1.52µm 











 RNL/ρxx calculated from leakage
 RNL/ρxx as measured









Figure 3-11 RNL/ρxx vs length dependence for silver nanoparticles drop cast solution, 50nm, 1.1 x1009particles/ml, 
fitting parameter γ=0.214, λs=0.325µm 
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Figure 3-12 RNL for gold (top) and silver (bottom) nanoparticles drop cast solution, 50nm, 1.1x1009 particles/ml at 
room temperature, L/W =1.5 
 
To ensure a fair comparison, multiple devices were made and only device with similar 
mobilities are compared. Both these two samples as shown in Figure 3-12 corresponds to a 


























Figure 3-13 RNL for gold nanoparticles drop cast solution, 50nm, 1.1x1009particles/ml at room temperature at 
different L/W ratio 
 
It can be seen from Figure 3-13 that the non local signal are very clean even for larger L/W 
ratio. This is different as compared to the Cu-CVD samples which has more noise 
incorporated especially for the larger L/W. This represents a controlled and reliable way of 
























Figure 3-14 RNL/ρxx vs length dependence for Gold & silver nanoparticles drop cast 
 
It can be clearly observed that the non local signal for the gold nanoparticles drop off 
significantly fast with L/W as compared with silver in conjunction with the derived spin 
relaxation length. Lastly, we have to prove that the non local signal are caused by the 
proximity induced spin orbit interaction from the metals and not by other impurities. 
Annealing is done to remove any organic residues still residing on the graphene and similar 
signals are still seen. The sample is then soaked in acetone overnight and the non local signal 
dropped significantly and this supports the claim that the nanoparticles are physisorbed on 
graphene without chemical bonds. As shown in Figure 3-15, significant reduction in the SHE 
non local signal is observed as the acetone cleans the graphene device. Some residue 
nanoparticles are still present due to strong adhesion forces. 
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 RNL/ρxx after actone
         treatment for 24 hours
 
Figure 3-15 RNL/ρxx vs length dependence for Gold nanoparticles drop cast before and after acetone treatment 
 
With only 2 data points for silver and gold, it is hard to come into any conclusion regard the 
atomic number dependence. It is still worthwhile to take a closer study on the spin orbit 
coupling strength. As EY and DP scattering mechanism are the two dominating mechanism 

























= ∆𝐸𝑌2 + 4∆𝐷𝑃2ℏ2 𝜖𝐹2𝜏𝑝2   Equation 3-10 
 
 
Figure 3-16 Analysis for silver nanoparticles drop cast sample 
  
Figure 3-16 show the fitted data for silver nanoparticles with Equation 3-10 and the EY and 
DP spin orbit coupling strength are obtained as 4 meV and 92 µeV respectively. The EY 
scattering mechanism are dominating and this coincides with the findings from conventional 
spin valves. [39] The spin orbit coupling induced by the gold nanoparticles only increase 
slightly and this is in agreement with the slight enhancement of the non local SHE signal. 
This is actually surprising as the spin orbit coupling strength should be proportional to the 
atomic number(Z4).[59] Yet a large spin orbit coupling might not induced a large non local 
SHE signal if strong perturbation at the scattering site is absent and this might be the case 
here.[60] The drop cast concentration and degree of physisorption are then varied in the next 





3.3.4 Concentration dependence for adatom 
3.3.4.1 Varying drop cast concentration 
It is only natural after varying the atomic number to be varying the concentration of the 
dispersed nanoparticles. Although we are not able to precisely control the dispersed 
nanoparticles, we are able to dilute the colloidal solution with DI water. Diluting is also 
recommended by the colloidal supplier to achieve different concentration and a small change 
in the nanoparticle size distribution is observed. As drop casting is not very precise in 
controlling the amount of nanoparticles coverage the varying in concentration is done over an 
order of magnitude to ensure a change will be observed if there is any. Increasing in particle 
concentration leads to a decrease in spin relaxation length and this is generally true and spin 
orbit coupling is the main mechanism for spin flipping and therefore spin relaxation. Spin 
Hall coefficient increases with particle concentration as expected. These values are tabulated 
in Table 3-1 for easy reference. Spin Hall coefficient is decreased from 0.214 to 0.127 and the 























Figure 3-17 RNL/ρxx vs length dependence for different drop cast concentration 
 






coefficient, γ  
Spin relaxation 
length, λs (µm)  
1.1E09  7-11k  0.214±0.07 0.33±0.09 
1.1E08  10-11k  0.196±0.04 0.64±0.16 
1.1E07  9-12k  0.127±0.03 0.82±0.19 
 
Displayed in Figure 3-18 is the AFM scans of the nanoparticles with varied drop cast 
concentration. For easy reference, we shall name it silver high, silver normal and silver low. 
The AFM picture of silver seem to be entirely covered with silver nanoparticles and that for 
silver normal seems to be partially covered with silver nanoparticles and that of silver low 
seems to be almost not covered by silver nanoparticles. Silver still exhibit a significant non 
local SHE signal despite having almost zero coverage. This can be explained by a dispersion 
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of smaller clusters of silver nanoparticles that is not perceivable by the AFM topography 













Figure 3-18 a-c AFM images for exfoliated graphene drop cast with 1.1x1009, 1.1x1008, 1.1x1007 particles/ml 
respectively. d-f Phase contrast images for exfoliated graphene drop cast with 1.1x1009, 1.1x1008, 1.1x1007 particles/ml 
respectively. 
 
3.3.4.2 Varying back gate biased when drying 
In an effort to better control the nanoparticles dispersion on graphene, a bias gate voltage was 
employed after drop cast to vary the different degree of physisorption on graphene. By 
increasing the back gate bias, we are able to attract the silver nanoparticles to become more 
attached to graphene. This is in hope that the spin orbit coupling strength in graphene can be 
tuned. The spin orbit coupling strength are calculated at an electron concentration of 1E12 
cm-2 and the drop cast concentration used here is 1.1E10 particles/ml. This back gate drying 
seems to have little impact on the spin Hall coefficient and the spin relaxation length. This is 
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shown in Figure 3-19 where there is no significant trend to the different drying bias. These 
measurements were repeated several times and the same conclusion were achieved. 
Table 3-2 Compiled values for back gate bias drying of graphene with silver nanoparticles 
Backgate bias 
drying (V)  
Mobility, 
µ (cm2/Vs)  
Spin Hall 
angle, γ  
Spin relaxation 
length, λs (µm)  
Spin orbit coupling 
(meV)  
10  8-12k  0.13±0.04  0.23±0.05 25±10 
20  14-15k  0.020±0.01 0.78±0.11 19.1±8 
30  12-15k  0.034±0.01 0.65±0.14 21.5±9 
 













 10 Vg bias
 20 Vg bias









Figure 3-19 RNL/ρxx vs width dependence for 1.1E10 particles/ml drop cast for different backgate bias 
3.4 Spin orbit induced from substrate effects (Tungsten disulfide) 
With the developing heterostructure transfer capability in our group, it would be interesting to 
observe if there is any significant non local signal that is observable from a substrate induced 
effect on graphene. To improve the SHE non local signal, we would need to balance between 
having a large spin relaxation length and a large spin Hall generation of spin. A large spin 
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orbit interaction increases the spin Hall generation increasing the spin Hall coefficient while 
it decreases the spin relaxation length. Nevertheless, an improvement in charge transport is 
beneficial as demonstrated by Abanin et al. in 2011. [57] A increment in mobility is seen 
which brings about the observation of spin Hall effect in graphene. This is attributed to the 
crystalline atomically flat surface of the Boron Nitride crystal. Experimental graphene device 
on silicon dioxide usually suffers from mobility deterioration due to the unsaturated silicon 
dioxide which has many dangling bonds. These acts as doping regions which cause the 
commonly called electron holes puddles effect. This introduces additional inhomogeneous 
conductivity at the Dirac point and reduces transport. Graphene on Boron Nitride crystals 
showed room temperature mobility of up to 150,000 cm2/Vs while graphene on silicon 
dioxide displayed only mobility of up till 10,000 cm2/Vs. Therefore a clean interface is 
important for our case here both to improve transport properties and also to induce a high 
proximity induced spin orbit coupling.  
Almost 15 devices were measured for graphene that is transferred onto tungsten disulfide. 
The clean interface were confirmed with empirical fitting for mobility. Only 3 device exhibit 
high non local signal out of the 15 and this can be attributed to the cleanliness of the interface 
during transfer. Displayed in Figure 3-20 is a representative non local SHE signal measured on 
graphene that is transferred onto tungsten disulfide. The non local SHE signal is ~100 times 
of the calculated geometrical leakage. 
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Figure 3-20 Rxx, RNL and RLeak for Graphene/WS2 device at room temperature, L/W = 4 
 
One significant problem is the yield for the graphene tungsten device. Devices made 
commonly have contact failure issues, this is postulate to arise from the poor adhesion of 
tungsten disulfide to silicon dioxide. As the device fabrication require multiple annealing and 
solvent washing, a slight shift in the tungsten disulfide can cause a failure of the contacts. 
This was reduced with an effort to extend the graphene etching all the way from the tungsten 
disulfide flakes to the silicon dioxide substrate. This improves the yield significantly as the 
contacts has a larger contact area for transport. The thickness of the tungsten disulfide also 
plays an important role in determining the transport in graphene. When it is as thin as a few 
atomic layer, the tungsten disulfide flake follow the roughness of the underlying silicon 
dioxide. The charge impurity in-homogeneity is also felt by the graphene when tungsten 
disulfide is too thin. Non local SHE signal was observed mainly from samples that were clean 
which exhibit high mobility. This further supports the locally induced spin orbit coupling 




4 Local hydrogenation 
4.1 Motivation 
The previously brought up issue of the competing interest for minimizing and maximizing 
spin orbit coupling brings about the motivation to do local hydrogenation for graphene. By 
inducing strong spin orbit coupling only in the injection and detector region, it is possible to 
drive spin through pristine graphene with low spin orbit and hyper fine interaction. This is 
prospected to improve spin transport tremendously. 
4.2 Experimental methods 
Local hydrogenation is done in a similar method as demonstrated by Balakrishnan et al. 
2013.[40] Regions of selectively hydrogenated region are defined via EBL patterning on 
hydrogen silsesquioxane (HSQ) and the unwanted HSQ is removed by development in LDD 
26W solvent. 
  
Figure 4-1 Local hydrogenation (left) and global hydrogenation (right) 
 
During fabrication of the device the local hydrogenation area are exposed to a 200 µC/cm2 
exposure. This is estimated from Figure 4-2 to induce less than 0.005% hydrogenation. To 
simplify the exposure dose against the hydrogenation percentage discrepancy, the HSQ dose 
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employed in this experiment is restricted to the linear regime where the induced 
hydrogenation is linearly proportional to the EBL exposure dose on HSQ. 
 
Figure 4-2 Hydrogenation vs HSQ dose [40] 
 
4.3 Results and discussion 
The dosage is varied in the linear regime with dosage as follows, 200 µC/cm2, 500 µC/cm2 
and 1000 µC/cm2. Varying the exposure seem to lead to little effect on the mobility of the 
device. This is in contrast as compared to the case of global hydrogenation where the 
mobility can be half when exposed to an EBL dose of 1000 µC/cm2. The increased resistance 
for the injector and detector region are omitted as a four probe measurement is employed. 
This was seen in Figure 4-3, Figure 4-4 and Figure 4-5 as the exposure did little to the Rxx 
measurement but it changes the non local SHE signal significantly. When measuring the non 
local SHE signal, double peaks are seen as in Figure 4-5. This is attributed to the change in 
doping level between the channel vs the injector/detector region. As the doping level changes, 
spin accumulation has to be accompanied with a high charge carrier density to obtain a high 
SHE non local signal. The additional peak in the electron side rises in magnitude as the local 
hydrogenation increases. For the purpose of observing the non local SHE signal arising from 































Figure 4-3 Rxx, RNL and RLeak for local hydrogenation at 200 µC/cm2 (right) at room temperature, L/W = 2 






























Figure 4-4 Rxx, RNL and RLeak for local hydrogenation at 500 µC/cm2 (right) at room temperature, L/W = 2 
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Figure 4-5 Rxx, RNL and RLeak for local hydrogenation at 1000 µC/cm2 (right) at room temperature, L/W = 2 
 
















Figure 4-6 RNL for local hydrogenation at different doses, room temperature, L/W = 2 
 
The non local SHE signal evolution with local hydrogenation can be observed in Figure 4-6. 
Changes in doping level can also be understood from the migration of hydrogenation due to 
the exposed channels. The doping and non local signal is in fact recoverable with the 
annealing of the locally hydrogenated graphene in H2/Ar gas at 250°C. This can be shown 
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clearly in Figure 4-7 where the signal is recovered to the strength as seen from the 500 µC/cm2 
exposure stage, a 30% decrement in the signal strength. Further annealing causes the double 
peak signal to disappear completely. This supports the deduction of the different doping in 
the injector/detector vs the channel which arises from the local hydrogenation. Elevated 
temperature helps in the reversible hydrogenation in the weakly hydrogenated regime.  



























Figure 4-7 Rxx, RNL, RLeak for local hydrogenation at 1000µC/cm2 after 3 hours annealing at 250°C in 5% H2, room 
temperature, L/W = 2 
 
The reversible hydrogenation is also monitored with the different high vacuum exposure. The 
non local SHE signal is observed to increase within the hour of so due to the desorption of 
water from the surface of graphene. This improves the transport and equivalently improves 
the spin transport. After 2 hours, the signal drops steadily and this is observed up to 4 hours 
where the signal maintains. Therefore all measurement done on the local hydrogenation are 





Table 4-1 Non local SHE signal variation with exposure to high vacuum at ~ 10-6 torr 
HSQ Ebl dose  1 hour 2 hours 3 hours 4 hours 5 hours 
500  11Ω 24Ω 29Ω 8.7Ω 8.6 Ω 
 
The length dependence of local hydrogenation are compared with global hydrogenation using 
non developed HSQ on graphene. The graphene channels are aligned and etched using 
PMMA and HSQ is spun onto the graphene. These are then exposed to local hydrogenation 
and subsequently exposed to global hydrogenation thereafter. This produced a comparable 
spin relaxation length when fitted with length dependence equation. Both global and local 
hydrogenation at 400µC/cm2 and 3000µC/cm2 showed no significant change in the extracted 
spin relaxation length. 
• Global hydrogenation at 3000 µC/cm2: λs = 0.495µm 
• Global hydrogenation at 400 µC/cm2: λs = 0.431µm 
• Local hydrogenation at 3000 µC/cm2: λs = 0.462µm 
• Local hydrogenation at 400 µC/cm2: λs = 0.495µm 
4.4 Analysis 
The ability to induce local hydrogenation in the injector/detector region is proven above but 
this seem to not increase the spin relaxation length in the device. Yet, this can be interesting 
by itself as a proof of concept for locally defining region of high and low spin orbit 
interaction regions. The mobility of the channels measure showed so significant mobility 
degradation and this makes it possible to define spin integrated circuitries as an analogy to 
charge devices. Reversible hydrogenation in both vacuum and annealing are observed and 




5 Conclusion and outlook 
5.1 Conclusion 
Being an exotic material which interests experimentalist and theorist, graphene has proved its 
worth in spintronics devices. Graphene has been theorized as a prospective material for 
transistor due to its high mobility which provides for the possibility of fast switching 
transistor and also the tunable charge density which gives graphene the capability for simple 
gate characteristics. This also enables graphene to bring about the electric gate control of spin 
transport via spin orbit interaction. By coupling the spin and momentum together, spin is 
manipulated and this provides for a charged based injection and detection mechanism.  
In this thesis, we studied several different way of inducing spin orbit interaction and we 
attempt to compile these and compare the different extract parameters qualitatively. This was 
observed initially in Cu-CVD graphene where a large non local signal was observed without 
any hydrogenation. This brings about the possibility to control spin orbit coupling via the 
difference in atomic number of the proximity inducing transition metal. Due to the inability 
to control the addition of Cu experimentally, silver and gold adatoms were introduced via 
colloidal solution. Gold was shown to induce a larger non local SHE signal but no specific 
relationship was obtained. Yet, this enable us to observe the spin Hall coefficient and spin 
orbit interaction strength. The spin Hall coefficient shows a ~50% increment from that 
induced from silver as compared to gold. This slight increment is not in agreement with the 
~Z4 correlation [59] but it can be explained by the absences of a strong perturbations at the 
scattering site.[60] The spin Hall coefficient also increases with the increment of adatom 
concentration but no quantitative relationship were derived. Substrate effects from tungsten 
disulfide are then explored but no spin parameters are extracted due to the lack of data. Lastly, 
local hydrogenation was employed to determine the effects of spin scattering in varied spin 
orbit coupling interaction. It was shown that in these local hydrogenation geometry, no 
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significant changes in the spin transport are observed. This could be attributed to the spin 
scattering across boundaries as shown to be significant in ferromagnet-semiconductor 
interfaces. This was in agreement to recent studies on graphene spintronics [3] where the 
observed spin relaxation in graphene is limited by the interfacial leakage contribution.  
5.2 Future outlook 
The ability to locally induce and vary spin orbit interaction presented ways to design and 
manipulate spin. One way would be by selectively introducing adatom onto selected region as 
similar to the local hydrogenation method. Another way would be to pattern the spin orbit 
inducing substrate. Using graphene as an etch mask as shown in Figure 5-1 . One can etch the 
underlying Tungsten Disulfide and vary the different region of strong and weak spin orbit 
interaction. The manipulation of spin orbit coupling also leads to possibility of topological 
insulators [61] and spin hall effect transistors [40].  
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